Click trains were generated with first-and second-order statistics following Kaernbach and Demany ͓J. Acoust. Soc. Am. 104, 2298 -2306 ͑1998͔͒. First-order intervals are between successive clicks, while second-order intervals are those between every other click. Click trains were generated with a repeating alternation of fixed and random intervals which produce a pitch at the reciprocal of the duration of the fixed interval. The intervals were then randomly shuffled and compared to the unshuffled, alternating click trains in pitch-strength comparison experiments. In almost all comparisons for the first-order interval stimuli, the shuffled-interval click trains had a stronger pitch strength than the unshuffled-interval click trains. The shuffled-interval click trains only produced stronger pitches for second-order interval stimuli when the click trains were unfiltered. Several experimental conditions and an analysis of runs of regular and random intervals in these click trains suggest that the auditory system is sensitive to runs of regular intervals in a stimulus that contains a mix of regular and random intervals. These results indicate that fine-structure regularity plays a more important role in pitch perception than randomness, and that the long-term autocorrelation function or spectra of these click trains are not good predictors of pitch strength.
I. INTRODUCTION
Several recent papers ͑Kaernbach and Demany, 1998; Kaernbach and Bering, 2001; Pressnitzer et al., 2002 , 2004 have studied the pitch perception of click trains in which the statistics of the intervals between the clicks have been manipulated in several ways. A major feature of these investigations has been the study of first-and second-order intervals. A first-order interval is the interval between successive clicks, while a second-order interval is the interval between every other click. These studies have shown that the auditory system is not as sensitive to secondorder as it is to first-order intervals, and in some cases a second-order-interval click train cannot be discriminated from a click train in which all of the intervals are randomly determined. The major features of the autocorrelation analysis used to account for the pitch and pitch strength of complex stimuli are insensitive to the order of the intervals of a click train. Thus, if the auditory system uses mechanisms like autocorrelation to process these click trains, performance should be the same for first-and second-order click trains. Since the data indicate differences in performance, these results suggest that autocorrelation may not be the appropriate mechanism for modeling the auditory processing of regularinterval stimuli ͑RIS; see Yost, 1998; and Licklider, 1951, Meddis and O'Mard, 1997; Yost, 1996a and 1996b͒ .
The current paper demonstrates another aspect of the statistics of regular-interval click trains that presents a challenge to using the long-term autocorrelation function or long-term spectrum as a model for auditory processing of RIS click trains. In the previous work on first-and secondorder click trains, the click trains contain a repeating series of intervals of fixed and random intervals. For instance, the first-order click train may consist of a fixed interval, k, of duration d, followed by two intervals whose durations are each randomly determined, x. This kxx sequence is repeated back-to-back many times to construct a first-order regularinterval click train. In this paper, these intervals in this base kxx click train were randomly shuffled so that the resulting shuffled click train could have longer runs of k or x intervals than existed in the base click train, where there is a repeating run of one k and two x's. Since all of the intervals are still preserved in the shuffled click train, the major features of the long-term autocorrelation functions and the long-term spectra of the shuffled and unshuffled ͑base͒ click train are the same. That is, the temporal lag at which the major peak in the long-term autocorrelation function occurs and its normalized height remains the same for the shuffled and the unshuffled click trains, and the spectral ripples seen in the longterm spectra associated with these stimuli are similar for the shuffled and the unshuffled click trains. However, the perceived pitch strength of the shuffled click train is often stronger than that of the base or unshuffled click train, indicating that these long-term autocorrelation function or spectral features cannot explain the pitch-strength differences. The experiments of this paper explore several aspects of the pitchstrength differences between shuffled and unshuffled regularinterval click trains.
trains were created using the same method employed by Kaernbach and Demany ͑1998͒ by randomly assigning each ICI a duration from a uniform distribution between zero and twice the mean ICI ͑d ms͒ with a resolution of 25 s. No more than two consecutive ICIs could be larger or smaller than d. This was done by Kaernbach and Demany to prevent the occurrence of long sequences of short-or long-duration ICIs which could result in a timbre cue.
First-order ICI sequences were created from random ICI sequences by replacing every third random ICI with a regular interval equal to d. These ICI sequences have been termed ''kxx'' by Kaernbach and Demany ͑1998͒, where k represents the regular interval of duration d and x represents intervals of random duration. The normalized autocorrelation functions for kxx stimuli have a major peak ͑AC1͒ at d, and the height of AC1 is equal to 0.33 for the kxx stimuli. In general the height of AC1 for any such regular-interval stimulus is equal to the number of k intervals divided by the sum of the number of k and x intervals ͑e.g., for kxxx, the height of AC1 is 0.25͒. The spectra of such stimuli have spectral peaks spaced at 1/d and the depth of the peak-tovalley ratio of these spectral peaks is proportional to the ratio of the number of the k to the number of the kϩx intervals ͑i.e., to AC1͒. Figure 1 provides a schematic example of a randomorder interval ͑xxx...͒ click train and a first-order interval ͑kxx...͒ and a second-order interval ͑abx..., to be described later in experiment II͒ click train. Figure 2 shows the summary autocorrelograms of the kxx and abx wideband stimuli generated when dϭ2 ms ͑kxx͒ and 2dϭ4 ms ͑abx͒, and Fig. 3 shows the auditory spectra of these same two stimuli. The summary autocorrelograms were computed according to Meddis and Hewitt ͑1991͒ and used by Patterson, Allerhand, and Giguere ͑1995͒ and Yost, Patterson, and Sheft ͑1996͒. They are generated using a gamma-tone filter bank and the Meddis hair cell to simulate the biomechanical properties of the inner ear and the neural activity in auditory-nerve fibers ͑tuned channels͒ and then forming the autocorrelation function for each tuned channel ͑the autocorrelogram͒. The summary autocorrelogram is the sum of the autocorrelogram across all tuned channels shown as a function of autocorrelation lag ͑ms͒. As for the autocorrelation function itself, the locations of the largest peaks in the summary autocorrelogram are used to account for pitch and the relative heights of these peaks for pitch strength ͑see Meddis and Hewitt, 1991͒.
The auditory spectra ͑see Patterson, Allerhand, and Giguere, 1995͒ were computed by summing simulated neural activity across time for each tuned channel and displaying the summed simulated neural activity for each tuned channel as a function of frequency ͑i.e., the center frequency of each gamma-tone filter͒. The auditory spectra reveal the resolved spectral ripple in the low frequencies for the two types of click trains. These figures suggest that both the spectral ripple and the autocorrelations of these stimuli are likely to be preserved within the peripheral auditory system.
The amplitudes of the clicks were identical and were adjusted to create a click train with a spectrum level 1 of 30 dB SPL. Each stimulus was temporally windowed using a 5-ms squared cosine function. The duration of d was 1, 2, 4, FIG. 1. RIS click trains; top: random intervals ͑x͒, middle: first-order intervals ͑kxx͒, bottom: second-order intervals ͑abx͒, d is mean duration.
FIG. 2.
Autocorrelograms for an auditory model are shown for the firstorder interval ͑kxx͒ stimulus with dϭ2 ms ͑top panel͒ and the second-order interval ͑abx͒ stimulus with 2dϭ4 ms. The peaks at lags of 2 ms ͑top panel͒ and 4 ms ͑bottom panel͒ indicate the most prominent regularity in these stimuli as might be preserved in the auditory periphery.
FIG. 3. Auditory spectra for an auditory model are shown for the first-order interval ͑kxx͒ stimulus with dϭ2 ms ͑top panel͒ and the second-order interval ͑abx͒ stimulus with 2dϭ4 ms. The spectral ripple in the low frequencies indicates resolved harmonics as might be preserved in the auditory periphery.
or 8 ms, resulting in fundamental frequencies, f 0 , of 1000, 500, 250, or 125 Hz (f 0 is the reciprocal of d͒, respectively.
Different ordered click-train conditions were run with a different number of random x ICIs per single regular k ICI ͑kx, kxx, k3x, k4x, k5x͒. A control condition was also run in which completely random ͑xxx...͒ interval stimuli were compared to completely regular ͑kkk...͒ interval stimuli. Total stimulus duration for all stimuli was 500 ms.
On each trial after an ordered click train was generated, a randomly shuffled version of this ordered click train was created to make the two stimuli for the pitch-strength discrimination task. A shuffled click train was generated by randomly shuffling the intervals of the ordered click train generated for that trial. That is, rather than having a string of kxxkxxkxxkxx... intervals, these intervals were randomly resampled and something like xkkkxxxxkxxx... may have been generated as the shuffled version. Note that the major features of the spectrum and autocorrelation function of the long-term ͑computed over the full 500 ms of the stimulus͒ click trains are the same for the shuffled-click train as for the unshuffled ordered-click.
All stimuli were delivered to listeners via Tucker Davis Technology ͑TDT͒ system II D/A converters at 40-kHz sample rate. These wideband stimuli were low-pass filtered with 4-pole filters with 15-kHz cutoff frequencies to eliminate aliasing. Stimuli were delivered diotically over Sennheiser headphones to listeners seated in a double-walled soundproof room.
Procedure
Pitch-strength comparisons were measured using a 2AFC task; one of the stimuli was the ordered click train and the other a shuffled version using the same set of ICIs. Listeners were asked to pick the stimuli that had the stronger pitch strength. A 300-ms silent gap was inserted between stimuli. No feedback of any type was provided.
Five conditions were run with different ratios of random x intervals per single regular k interval ͑kx, kxx, k3x, k4x, k5x͒. In a control condition a purely regular-interval click train ͑kkkk...͒ was compared to a purely random-interval click train ͑xxxx...͒ with the same mean click rate. Thus, there were six different conditions at each value of d creating a total of 24 conditions.
A block of trials consisted of all of the six different random-to-regular ratio conditions at a single d value. Twenty trials were run at each ratio condition, resulting in 120 trials per block. Trials were randomly selected without replacement in each block. A block of 120 trials was repeated ten times throughout the course of the experiment, resulting in 100 trials per condition for each listener.
Listeners
Four normal-hearing paid listeners participated in experiment I. They were all college undergraduate students between the ages of 19 and 35 who reported normal hearing. In a typical day, each listener ran approximately seven randomly assigned blocks of trials over a 90-min period. The first block of trials from each listener each day was considered practice and was not included in the final results.
B. Results
The overall results of experiment I are shown in Fig. 4 as the percentage of trials the shuffled sequence was judged to have the stronger pitch strength. The results of the control conditions are presented as the percentage of trials the purely random-interval sequence ͑xxx...͒ was judged to have a stronger pitch strength than the purely regular-interval sequence ͑kkk...͒. The 50% line in Fig. 4 represents equal pitch strength. Only the mean results are presented since the individual results were similar to each other. Figure 4 shows that approximately 80% of the time, shuffled kx stimuli were judged to have a stronger pitch strength than its ordered counterpart. This percentage decreases with increasing number of random intervals. Note that there is also a small fundamental frequency (f 0 ) effect in that there is a small increase in pitch-strength preference for shuffled stimuli with fundamental frequencies 250 and 500 Hz. This tendency is consistent with other RIS pitch experiments ͑Yost and Hill, 1978͒ that show a higher pitch saliency in this range of fundamental frequencies ͑200-666 Hz͒. 
C. Discussion
Given that shuffling ICIs does not change the number of regular intervals in click train RIS, why does its pitch strength increase? The most likely reason is that shuffling creates ''clumps'' or ''runs'' of consecutive regular k ICIs. It is these multiple instances of regular ICIs that are the probable cause of an increase in pitch strength. This suggests that pitch strength is based on short-term temporal regularity in a waveform rather than the overall temporal regularity in an entire waveform. However, it is important to point out that shuffling also creates multiple instances of consecutive random ICIs. Thus, pitch strength is more than just the average of a short-term temporal detector. Since shuffled stimuli contain portions of increased and decreased temporal regularity, the average of the short-term temporal regularity is the same as a measure of overall temporal regularity. Thus, the auditory system seems to place increased importance on runs of regular intervals over runs of random intervals. Consider the case of the kx stimuli in which the probability of runs of k ICIs is equal to that of runs of x ICIs in the shuffled click trains, yet shuffled click trains are almost always judged to have a stronger pitch saliency than the unshuffled click trains where the runs of k and x are always one each. The longer runs of random intervals seem to be weighted far less than runs of regular intervals when pitch strength is computed. This asymmetry in the perception of runs of regular intervals vs runs of random intervals is consistent with the notion that listeners are tuned to perceive temporal regularities in sound, rather than the lack of regularity ͑randomness͒.
When there is a run of fixed intervals ͑where d is the duration of each k fixed interval͒, the autocorrelation function may have a major peak at a lag of d and at integer multiples of d. The normalized height of the peak at d is the greatest and the height of the autocorrelation peaks at lags of the integer multiples of d decrease. For instance, a kkkx repeating stimulus with dϭ2 ms, will have a major autocorrelation peak at a lag of 2 ms with a peak height of 0.75 ͑3/4͒, a peak at a lag of 4 ms ͑2d͒ with a peak height of 0.50 ͑2/4͒, and a peak at 6 ms ͑3d͒ with a peak height of 0.25 ͑1/4͒. In general, if there are m consecutive k intervals each of duration d and p consecutive random ͑x͒ intervals of random durations, then the autocorrelation function has peaks at lags of nd, where nϭ1,2,...,m; and the normalized height of the peak at nd is (mϪnϩ1)/(mϩp).
Thus, when there are runs of k's in the entire shuffled click trains that are longer than in the unshuffled click trains, it is possible that the correlation associated with the lags at the higher integer multiples of the delay, d, could be the basis for the increased pitch strength of the shuffled click trains. For instance, for a kx base stimulus, many runs of kkx in the shuffled stimulus could produce an autocorrelation function for the entire stimulus with peaks at lags d and 2d ͑assuming the duration of the k intervals is d͒. The peak at lag d could have a normalized height of 0.67 and that at lag 2d could have a normalized height of 0.33. It could be that the higher peak at the lag of d and/or the peak at lag 2d ''reinforces'' that at d to produce the greater pitch strength for the shuffled click train.
There are several reasons why these correlations at the longer lags probably do not account for the increased pitch strength of the shuffled click trains if the entire waveform is considered. First, in the work on other RIS conditions, especially iterated rippled noise, there is little evidence that peaks at integer multiples of d influence either the pitch or pitch strength of these RIS sounds ͑see Yost, Patterson, and Sheft, 1996; Yost, 1996a, b͒. That is, these studies indicate that only the first peak at d influences pitch and pitch strength. Second, recall that if one computes the average autocorrelation function over the entire stimulus, the autocorrelation peaks are the same for the shuffled and the unshuffled stimulus. Thus, any additional autocorrelation peaks at higher lags would have to result from stimulus presentations in which there is a strong deviation from the average. If there were a large number of trials in which long runs of regular intervals ͑k͒ occurred for the shuffled conditions, then these trials might be the ones influencing the increased pitch strength as a result of the peaks at lag d and its higher integer multiples. Since approximately 80% of the trials ͑see Fig. 4͒ appear to produce a stronger pitch for the shuffled stimulus, one would expect that the proportion of trials with runs of k intervals sufficiently long to produce autocorrelation peaks at long lags would also occur in the range of 80%. Table ͑IV͒ in the Appendix indicates the mean number of times ͑and the standard deviations͒ out of 240 intervals that one might expect long runs of k's to occur. These numbers are too few to produce very many trials in which the autocorrelation functions have noticeable peaks at long lags. In a separate simulation, in a run of 1000 independent generations of a 500-ms shuffled version of a kx stimulus, only 198 of them ͑19.8%͒ produced a measurable autocorrelation peak at 2d, 7.8% produced a measurable autocorrelation peak at 3d, and there were no measurable peaks at 4d that were above the noise floor ͑note that half of the intervals are always k's; thus, the peak at lag d was measurable on all trials͒. Thus, it is unlikely that autocorrelation functions associated with the entire waveform could account for the shuffled/unshuffled pitch-strength differences. Therefore, it is likely that some other aspect of the consecutive runs of regular intervals ͑i.e., a short-term statistic͒ is the basis for the increased pitch strength associated with the shuffled click trains. These results have been discussed in terms of the autocorrelation function of these stimuli largely because it has been successful in accounting for the pitch strength of these types of complex stimuli. However, since these click trains are wideband they have several resolved harmonics as indicated in Fig. 3 . The height of AC1 is proportional to the spectral peak-to-valley ratio in the spectral ripple of these click trains. Thus, some aspect of the peak-to-valley ratio could also be used to account for the pitch-strength judgments, and AC1 could be seen as one way to quantify the peak-to-valley ratio, since no other spectral measure of pitch strength has been proposed ͑note that the autocorrelation function is the Fourier transform of the power spectrum; see Wightman, 1973 , for a discussion of this fact as it pertains to complex pitch processing͒. Runs of regular intervals would produce momentary spectral ripples in the running spectra of these click trains ͑whereas runs of random intervals would produce momentary largely flat, but randomly varying, spec-tral structure͒. Thus, short-term resolved spectral ripples could be a basis for the increased pitch strength for the shuffled wideband click trains.
It should also be pointed out that the strength of the pitch decreases as the number of random intervals increase ͑e.g., kx has a much stronger pitch than k4x͒. The k5x stimulus contained the largest number of random ͑x͒ intervals which yielded a detectable pitch. Thus, part of the decline in the increased strength of the pitch of the shuffled click trains over the unshuffled click trains with increasing number of x's is probably due to an overall decrease in pitch strength.
III. EXPERIMENT II-EFFECTS OF INTERVAL ORDER AND HIGH-PASS FILTERING
The stimuli in experiment I were broadband and involved only first-order intervals. Thus, the results could be based on spectral processing of the resolved spectral peaks of the broadband first-order click train rather than temporal processing that might be based on mechanisms like autocorrelation. High-pass filtering the click trains so that the spectral peaks ͑spaced at 1/d͒ are not resolved allowed us to more directly test temporal processing of these click trains. We were also interested to know if the shuffled-unshuffled pitch-strength difference that occurred for the first-order interval click trains of experiment I would occur for secondorder interval click trains.
A. Methods

Stimuli
The first-order interval click train stimuli were generated the same way as in experiment I. Second-orderICI sequences were created from the random ICI sequences by replacing the first two of every three random ICIs with ICIs whose sum was 2d. The duration of the first of the three intervals, denoted a, was randomly drawn from a uniform distribution between zero and 2d. The duration of the second interval, denoted b, was set equal to 2d-a. Thus, the sequences contained second-order regular intervals of duration aϩbϭ2d. These sequences have been termed ''abx'' by Kaernbach and Demany. RIS sounds created from abx ICI sequences also have a mean AC1 peak height of 0.33 at delay 2d. As mentioned in experiment I, the AC1 peak height corresponds to the proportion of regular intervals to the total number of intervals in the stimuli. The spectra of abx stimuli have spectral peaks at 1/2d, where the spectral peak-to-valley ratio is proportional to the ratio of the number ab to the number of abϩx intervals ͑refer to Figs. 1-3͒.
Shuffled click trains were generated in experiment II in the same way they were in experiment I. That is, once a firstor second-order interval click train was generated for a particular trial the intervals were shuffled by randomly resampling the intervals of the base stimulus ͑k for the first-order interval stimuli and an ''ab'' pair for the second-order interval stimuli͒. That is, the pairing of any ''a'' and ''b'' interval that was generated in each instance for the base, unshuffled stimuli remained paired after the shuffling ͑e.g., if an unshufflled a interval of 3 ms was paired with a b interval of 1 ms, this same 3-ms-1-ms ab pairing remained in the shuffled click train͒. The shuffled and unshuffled ͑base͒ click trains were then compared using the same pitch-strength discrimination task used in experiment I. The same stimulus levels, durations, and values of d used in experiment I were used in experiment II.
In the filtered conditions, the high-pass filter cutoff frequencies were 8 and 16 times the fundamental frequency f 0 (8f 0 and 16f 0 ), based on the type of analysis shown in Fig. 3 . During the high-pass filter conditions, a low-pass filtered Gaussian noise was added to the signal to mask lower frequency distortion components so that they could not be used as a discrimination cue. The low-pass filter cutoff frequency was one half of an octave below the high-pass cutoff frequency of the click trains. The spectrum level 1 of the masking noise was 20 dB, 10 dB below the spectrum level of the click train stimuli. The relationship between order, fundamental frequency f 0 , mean interval duration d, and high-pass cutoff frequency is summarized in Table I . Note that since the maximum cutoff frequency of the TDT PF1 module is 15 kHz, the cutoff frequency for the 1000-Hz fundamental frequency, 16f 0 high-pass filtered condition was actually 15 kHz instead of 16 kHz.
Also, as in experiment I a control set of stimuli was used in which for the first-order interval conditions, a completely fixed-interval sequence ͑kkk...͒ was compared to a completely random-interval sequence ͑xxx...͒. For the secondorder interval conditions, a fixed sequence of second-order intervals ͑ababab...͒ was compared to the completely random-interval sequence ͑xxx...͒. Again, each ''a'' interval (aϩbϭd) in each ''ab'' pairing was chosen at random. 
Procedure
The experimental procedure was similar to the procedure in experiment I. The primary difference was the inclusion of high-pass-filtered and second-order regular-interval conditions. One hundred and forty-four different conditions were tested. A block of trials was run at a single fundamental frequency (f 0 ϭ125, 250, 500, or 1000 Hz͒ and a single order ͑first or second͒. Each block of trials contained three subblocks, each consisting of the three high-pass-filter conditions ͑wideband, 8f 0 , 16f 0 ). The order of the subblocks always began with wideband conditions, then 8f 0 , and finally 16f 0 trials. This was done to provide listeners a clear impression of the pitch in the initial wideband stimulus trials in an attempt to maximize performance in the high-pass-filter conditions. Trials within each subblock were randomly drawn without replacement from ten replicates of all of the six different random-to-regular ratio conditions. A complete block of 180 trials was repeated five times throughout the course of the experiment, resulting in 50 trials per condition for each listener.
Listeners
The same four listeners who participated in experiment I also participated in experiment II. The first block of trials from each listener each day was considered practice and was not included in the final results.
B. Results
The overall results of first-and second-order conditions in experiment II are shown in Figs. 5 and 6, respectively. Each of the panels presents the results at a single fundamental frequency and order. The results are presented as the percentage of trials the shuffled sequence was judged to have a stronger pitch strength than the ordered ͑unshuffled͒ stimuli. The results of the control conditions are presented as the percentage of trials the random sequences were judged to have the greater pitch strength. The 50% line represents equal pitch strength. Only the overall results are presented since the individual results were similar to each other.
First-order interval results
Overall, the wideband conditions in experiment II reveal the same trends exhibited in experiment I ͑see Fig. 4͒ ; a decline in preference for shuffled stimuli as the random to regular ratio increases, and largest preferences for the 250-and 500-Hz fundamental frequencies (f 0 ). However, in nearly all of the conditions there is an increase in choosing the shuffled stimuli as having the stronger pitch strength in experiment II as compared to experiment I. The amount of increase is as much as 17%. The average increase across all conditions is 8%. This increase from experiment I could be due to an overall effect of experience listening to these stimuli, since the same listeners were used in each experiment. Note that most of the increase occurred in the higher fundamental frequency conditions; there was relatively little change in the f 0 ϭ125 Hz conditions. Also recall that no feedback was provided in either experiment I or II, so it is unlikely that the listeners ''learned'' anything specific based on feedbacked training.
Considering first-order stimuli, Fig. 5 shows that increasing the high-pass filter cutoff frequency decreased the preference for shuffled stimuli over unshuffled at a given fundamental frequency (f 0 ) and random-to-regular interval ratio. In addition, the change in preference with high-pass cutoff frequency increased with fundamental frequency (f 0 ). This suggests that frequency effects are a function of the actual cutoff frequency rather than its relationship to the fundamental frequency. This is expected at the most extreme cutoff frequency ͑15 kHz͒ in the f 0 ϭ1-kHz condition since not much of the stimuli remains at this high cutoff frequency. The results confirm this since all of the 15-kHz high-pass filter conditions show no preference between shuffled and ordered stimuli. Note the nonzero percentage ͑10%͒ in the control condition ͑kkk... vs xxx...͒ at the 15-kHz high-pass filter condition, indicating listeners are beginning to experience difficulty in differentiating completely random and completely regular ICIs at this high cutoff frequency.
Second-order interval results
The second-order results are shown in Fig. 6 . These results are striking in comparison to the first-order results. Note that there is relatively little difference in pitch strength between the shuffled and unshuffled stimuli in nearly all of the second-order conditions. None of the f 0 ϭ125-Hz conditions show a preference in pitch strength. In addition, none of the conditions that were either high-pass filtered or have a random-to-regular interval ratio greater than 1.0 shows a strong preference in pitch strength. The only conditions that show a preference for shuffled stimuli greater than 70% of the time are the wideband, abx second-order conditions with fundamental frequencies (f 0 ) of 250, 500, and 1000 Hz.
The control conditions give an indication of the difficulty in distinguishing second-order pitch-strength differences. Recall that, in the control conditions, maximal periodic second-order click trains were compared with completely random click trains. These conditions were trivially easy in the first-order conditions; although it was still possible with second-order regular intervals, the increase from 0% in the high-pass filtered conditions indicates some confusion in distinguishing the two stimuli in terms of pitch strength.
C. Discussion
In terms of pitch strength, shuffled second-order regular intervals are harder to distinguish than shuffled first-order regular intervals. It was suggested earlier that the reason shuffled first-order regular intervals have a stronger pitch strength is that shuffling increases the likelihood of multiple instances of consecutive regular intervals. The results of this experiment suggest that consecutive second-order regular intervals do not have the same ability to increase pitch strength as consecutive first-order regular intervals.
In terms of the total number of regular intervals in a complete ICI sequence, first-order kxx stimuli are equivalent to second-order abx stimuli with 33% of the total intervals being regular intervals. This relationship between order and number of random intervals per regular interval is summarized in Table II . Note that the percentage of regular intervals also corresponds to the AC1 peak height of the stimuli. Despite these statistics, shuffling the intervals of first-order interval stimuli can increase pitch strength for most conditions, whereas shuffling the intervals of second-order interval stimuli only increases pitch strength for some of the wideband conditions.
The results of the second-order high-pass filter conditions indicate the importance of resolved harmonics in creating a salient pitch strength when only second-order regular intervals are present. This result is in contrast to first-order results in Fig. 5 , which shows that shuffled first-order intervals do not require resolved harmonics to produce a preference for shuffled stimuli having the stronger pitch strength. The results of the control conditions further substantiate the importance of resolved harmonics in generating pitch strength with second-order intervals. In these conditions, listeners begin to have difficulty distinguishing even extreme differences in the temporal regularity of second-order stimuli when the resolved harmonics are removed, whereas they had much less difficulty in the corresponding first-order conditions.
However, note that the pitch-strength preference for the shuffled second-order-interval stimuli even in the wideband case is less than the pitch-strength preference for the shuffled stimulus in the first-order-interval conditions. If the pitchstrength judgments were based entirely on the spectra of these stimuli, then one would expect that the pitch-strength preferences for the shuffled-over the unshuffled stimuli would be the same for both first-and second-order wideband click trains, since the main spectral features are also the same for the first-and second-order click trains ͑e.g., the location of the spectral peaks and their overall spectral peak to valley ratios; see Fig. 3͒ . Thus, while having resolved spectral structure appears to be important for processing secondorder-interval stimuli in these experiments, the temporal statistics of how the clicks are presented also influences the perception of pitch strength.
The need for resolved harmonics in second-order stimuli for generating a large pitch strength mirrors the regular-vs random-interval discrimination performance differences between first-and second-order stimuli in experiment II. Recall in experiment II that there was a decrease in second-orderinterval discrimination performance as compared to firstorder performance, especially when the resolved harmonics were removed. This suggests that regular-interval vs randominterval discrimination performance is largely based on the pitch strength generated by regular intervals, and that second-order click train RIS generate a pitch only if they contain spectral energy in resolved channels.
These results are also consistent with those from Yost et al. ͑2005͒ in which the ability of listeners to discriminate second-order interval click trains from random-order interval click trains was lower than their ability to discriminate firstorder-interval click trains from their random-order interval comparisons. That is, the Yost et al. study showed that, for all conditions except an 8-kHz high-pass condition, secondorder intervals could be discriminated from their randomorder interval noise foils. However, performance was always less than for the discrimination of first-order intervals from their random-order-interval noise foils. Those data indicated that the pitch strength of second-order-interval stimuli is less than that for first-order-interval stimuli, which is consistent with the results of the present experiment.
IV. EXPERIMENT III-ORDERED CLICK-TRAIN PITCH-STRENGTH COMPARISONS
Further pitch-strength comparison experiments were conducted to investigate the importance of consecutive regular intervals. In these experiments the exact number of consecutive regular intervals was controlled by only using firstorder-interval click-train RIS. The purpose of these experiments was to study the number of consecutive regular intervals as predictors of pitch strength in click-train RIS. This was accomplished by creating stimuli with lower autocorrelation peak height ͑AC1͒, but that also have more consecutive regular intervals than the other compared stimuli. Recall that the AC1 peak height is equal to the number of regular k intervals divided by the total number of regular k and random x intervals. In the first set of trials, the pitch strength of kx stimuli with an AC1 peak height of 0.5 was compared to stimuli with a lower AC1 peak height ͑0.33͒ but consisted of multiple consecutive regular k intervals ͑e.g., 2k4x͒. In a second set of trials, 4k8x stimuli with an AC1 peak height ͑0.33͒ were compared to stimuli with higher AC1 peak height ͑0.5͒ but fewer multiple consecutive regular k intervals ͑e.g., kx͒.
Since the click trains were not high-pass filtered in these experiments, pitch strength could be based on the resolved components in the spectra of these sounds. However, a measure of the spectrum of the complex-pitch stimuli has not been developed that relates to pitch strength in the same way that the AC1 is related to pitch strength ͑see Yost, 1996a, and Selas, 2002͒ . As AC1 increases so does the peak-to-valley ratio of the spectral ripple of these sounds. Thus, changes in AC1 can also serve to indicate the relative changes in the peak-to-valley ratio of the ripples in the spec- tra of these click trains. Thus, our attempt in these experiments was to determine how AC1, either as an indicator of the percent of regular intervals or as an indicator of the spectral peak-to-valley ratio in these click trains, or both, interacted with runs of regular intervals in determining pitchstrength judgments.
A. Methods
Stimuli
The stimuli were generated in a manner similar to that in experiment I. The primary difference was that only ordered stimuli were compared to each other, i.e., none of the stimuli was shuffled. Different conditions were run comparing ordered click-train RIS sounds with different numbers of random x and regular k ICIs. The total duration of each stimulus was 500 ms. Stimuli were not high-pass filtered. All other stimulus conditions were identical to those used in experiment I.
Procedure
Pitch-strength comparisons were measured using a 2AFC task; one stimulus was the standard and the other an ordered stimulus with a different AC1 peak height made up from a different proportion of regular and random intervals. Listeners were asked to pick the stimuli that had the stronger pitch strength. All other conditions were the same as in experiments I and II, including the fact that no feedback was provided.
Regular ICIs with fundamental frequencies (f 0 ) of 125, 250, 500, and 1000 Hz were used. In the first set of trials, the standard stimulus was ordered kx click trains (AC1ϭ0.5) and was paired with ordered 2k4x, 3k6x, 4k8x, or 5k10x click trains (AC1ϭ0.33). In the second set of trials, the standard stimulus was ordered 4k8x click trains (AC1 ϭ0.33) and was paired with ordered kx, 2k2x, 3k3x, or 4k4x click trains (AC1ϭ0.5).
A block of trials consisted of the four different pairings at a single fundamental frequency. Ten trials were run at each condition, resulting in 40 trials per block. Listeners ran four blocks of trials without a break. Trials were randomly selected without replacement in each block. A block of 40 trials was repeated five times throughout the experiment, resulting in 50 trials per condition for each listener. Three of the four listeners who participated in experiment II also participated in this experiment.
B. Results and discussion
The overall results of the first condition of experiment III are shown in Fig. 7 . The results are presented as the percentage of trials the target stimuli (AC1ϭ0.33) were judged to have a stronger pitch strength than the standard kx stimuli (AC1ϭ0.5). The 50% line in Fig. 7 represents equal pitch strength. Figure 7 shows that, when f 0 is equal to 1000 and 500 Hz, only two consecutive regular intervals were required to make the pitch strength greater than the standard stimuli which had a higher AC1 peak height. At f 0 equal to 250 and 125 Hz, four consecutive regular intervals were required for the mean pitch strength to be stronger than the standard stimuli.
The overall results of the second set of conditions are shown in Fig. 8 . The results are presented as the percentage of trials the target stimuli (AC1ϭ0.5) were judged to have a stronger pitch strength than the standard 4k8x stimuli (AC1ϭ0.33). Note that the kx condition in the second set of trials is the same as the 4k8x condition in the first set of trials. The results, although not identical, show the same trend. Figure 8 shows that three consecutive regular intervals can have a larger pitch strength than four consecutive regular intervals if the proportion of regular intervals is 0.5 as compared to 0.33. The change in pitch strength is most striking for the 500-and 1000-Hz fundamental frequency conditions which show an abrupt change in preference from the 2k2x to the 3k3x conditions. However, note in Fig. 8 that the 4,4 ͑4k4x͒ condition has the same number of k's as the comparison stimulus of ͑4k8x͒, yet the 4k4x click train is judged to have the stronger pitch strength. If the number of consecutive k's were the only variable affecting pitch strength, these two stimuli should have been judged equal in pitch strength. In this case, it appears as if the fact that the 4k4x click train has a higher AC1 peak ͑0.5 as compared to 0.33͒ led listeners to judge it stronger in pitch. This suggests that pitch strength is both a function of the number of consecutive k's and the ratio of the number k's to the number of k's and x's ͑i.e., the height of AC1, or spectral peak-to-valley ratio͒.
In the case of these unshuffled click trains of experiment III, the autocorrelation functions will have peaks at lags at integer multiples of d ͑see the discussion in experiment I concerning multiple peaks in these types of autocorrelation functions͒. Thus, click trains with longer runs of k's will have more peaks in the autocorrelation function than click trains with shorter runs. Thus, it is possible that one of the reasons that the pitch of stimuli with longer runs of k's is judged stronger is due to the influence of the autocorrelation function peaks at long lags on the perception of pitch strength. However, as was pointed out in experiment I, other studies have failed to show that the peaks at lags that are integer multiples of d have any influence on either the pitch or the pitch strength of RIS sounds.
The results of the ordered click-train RIS pitch-strength comparisons confirm the importance of consecutive regular intervals in determining the pitch strength of these stimuli. The data also show that the pitch strength of these stimuli is a function of the number of consecutive regular intervals and AC1 peak height ͑either as an indicator of temporal regularity or of spectral peak-to-valley ratio͒ of the overall stimulus.
V. EXPERIMENT IV-PITCH STRENGTH RATINGS FOR SHUFFLED CLICK TRAINS
An additional set of trials was run comparing the pitch strength between shuffled ICI click-train RIS with different ratios of random-to-regular intervals. Experiment IV was conducted to allow us to estimate the number of consecutive regular intervals that might be sufficient to increase the pitch strength of the shuffled click train over that of the unshuffled click train. Some of the results from experiment III suggest that 2-4 consecutive regular intervals might be sufficient to increase the pitch strength of a first-order RIS click train.
A. Method
The experimental approach and listeners were identical to experiment I. Regular ICIs with mean interval durations d equal to 8, 4, 2, and 1 ms were used. The stimulus set was all x's, k4x, k3x, k2x, kx, and all k's. Stimuli were paired with each other, making for 15 different pairings at each value of d. A block of randomly chosen trials ͑without replacement͒ consisted of a set of 10 replicates of all of 15 different pairings at a single d value. These blocks of 150 trials were repeated five times, resulting in 50 trials per pairing for each listener. The three listeners who participated in the experiment III also participated in this experiment.
B. Results
The overall results are tabulated in the preference matrices in Table III . The number in each cell represents the number of times the pitch strength of the row stimuli was judged to be stronger than the pitch strength of the column stimuli.
Pitch-strength ratings using Bradley-Terry rating method
The data in Table III were used to construct relative pitch strength ratings using the Bradley-Terry rating method for paired comparisons ͑see Bradley, 1984; David, 1988͒ . Separate pitch-strength ratings were created at each value of d. The Bradley-Terry rating method is an iterative procedure that converts a matrix of paired-comparison preference totals to a relative rating for each stimuli on a scale between zero and 1. For the data in Table III , the ratings converged to four decimal accuracy in 500 iterations. The obtained pitch strength ratings are illustrated in Fig. 9 .
As expected, Fig. 9 shows that the pitch-strength estimates based on the Bradley-Terry procedure for the control conditions ͑all x's and all k's͒ are near zero and 1, respectively. Note that the relative pitch strength for all of the noncontrol conditions is less than 0.1. This suggests that these stimuli were relatively weak in pitch strength and that they would need more regular intervals than random intervals ͑e.g., 4k1x͒ to have a pitch strength rating greater than 0.5. It is expected that if such stimuli were included that the pitch strength lines would resemble the familiar ''S-shaped'' curves of paired-comparison psychometric functions. The current stimulus set seems to only include conditions representing the bottom portion of the ''S.''
Statistical analysis of consecutive regular intervals in shuffled ICI sequences
The previous experiments using shuffled ICI sequence have shown that ͑1͒ A shuffled ICI sequence can exhibit a higher pitch strength as compared to its unshuffled counterpart; and ͑2͒ The pitch strength of shuffled ICI sequences increases with increasing proportion of regular intervals.
These results suggest that the pitch strength in these stimuli is largely determined by multiple occurrences of runs of consecutive regular intervals. The question arises as to what size͑s͒ of runs determine͑s͒ pitch strength. One way to determine the importance of regular interval run size on pitch strength is to analyze the expected number of runs of different sizes in shuffled ICI sequences and to compare these statistics to the pitch strength ratings determined above in experiment IV. Both empirical and analytical solutions for the expected numbers of runs of a given size were derived. The details of these statistical analyses are given in the Appendix.
The asymptotic solution for large numbers of ICIs given in Eq. ͑A2͒ was used to compare the run statistics to the pitch-strength ratings illustrated in Fig. 9 . These data for the noncontrol conditions are replotted in Fig. 10 along with curves proportional to the expected number of consecutive runs of size 1, 2, 3, 4, and 5. Figure 10 shows that only the runs of size 2, 3, and 4 match the curvature of the pitchstrength ratings, as appears consistent with some of the results from experiment III. Another way to appreciate the importance of run size is to determine at what size the expected number of large runs in ICI sequences is less than 1. For example, consider the dϭ2-ms regular-interval condition that contains 240 total ICIs. Using Eq. ͑A2͒, it can be shown that the expected number of runs of size 8 is less than 1 for shuffled kx stimuli. The same is true for runs of size 6, 5, and 4 for kxx, k3x, and k4x stimuli, respectively. One would not expect pitch to be based on events that occur less than once per trial.
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One must be careful not to make too strong predictions when comparing run statistics and pitch-strength rating data. For example, Fig. 9 suggests that the pitch strength of d ϭ1-and 2-ms shuffled click trains are based on four consecutive intervals and the dϭ8-ms data are based on three consecutive intervals. However, the auditory system may not rely on only a single run size. It must also be remembered that ordered click-train RIS sounds contain no consecutive regular intervals and yet still have pitches. Also, recall that some of the results of experiment III suggested that consecutive runs of two or three regular intervals may be sufficient to increase the pitch strength of first-order interval click trains. In summary, comparing regular-interval run statistics to shuffled ICI sequences and their corresponding pitchstrength ratings suggests that runs of sizes of only two or three consecutive regular intervals may be all that is required in some conditions for shuffled ICI sequences to impart a stronger pitch strength than ordered ICI sequences. However, additional research will be necessary to obtain a more accurate estimate of the minimum run of regular intervals that influence pitch strength.
VI. CONCLUSIONS
In almost all of the conditions considered in this paper the results depended on d ͑or equivalently, f 0 ). It is important to point out that the timbre of these sounds changes significantly as a function of d. When d is long ͑e.g., 8 ms͒, the average duration between clicks is long, and the click train has a ''rattling timbre'' as discussed by Kaernbach and Demany ͑1998͒, and when the duration is near its longest possible value (ϳ16 ms), an ''interruption'' can be perceived ͑although this occurs very infrequently͒. At short durations ͑e.g., dϭ1 ms), the timbre is much more like that of a continuous noise. As pointed out previously, the pitch strength of RIS sounds ͑e.g., the pitch strength of iterated rippled noise, Yost and Hill, 1978͒ also changes with d, such that most studies indicate that the pitch strength at d's of 8 and 1 ms (f 0 's of 125 and 1000 Hz͒ is lower than at 2 and 4 ms, where the pitch strength has been measured to be about the same. The pitch strength of these click trains must be made in comparison to the overall timbre of the sounds in that there are two percepts associated with these RIS sounds; the base timbre and the pitch that ''arises'' from the base timbre ͑see Patterson et al., 1996͒. There are times in which the weakest pitch strength measured seems to be associated with delays of 1 and 8 ms ͑e.g., Fig. 4͒ ; while in some cases ͑Figs. 7 and 8͒, the pitch strength at dϭ1 ms seems to be the strongest. In general, the data for dϭ2 and 4 ms appear to be similar. We do not have a clear understanding of why the pitch strength changes as it does with d across the conditions of this study. We do believe that the normally low-pitch strength associated with a delay of 8 ms coupled with the rattling nature of its timbre conspire to lower its pitch strength in almost all cases.
Shuffled first-order click trains have runs of regular intervals and as a consequence they are perceived as having higher pitch strength than unshuffled first-order click trains with shorter runs of regular intervals. These results also appear when the stimuli are high-pass filtered so that the spectral peaks associated with these stimuli cannot be resolved, though the pitch-strength differences between shuffled and unshuffled click train becomes smaller as the cutoff frequency of the filters increases. Shuffled second-order click trains are judged to have higher pitch strength than the unshuffled second-order click train only in the broadband conditions when the spectral peaks are resolvable.
Current autocorrelation models based on the long-term autocorrelation functions cannot account for the data of this study as explained in experiment I, nor could spectral models which are based on the long-term spectrum. Wiegrebe and colleagues ͑Wiegrebe, Hirsch, and Patterson, 1999; Wiegrebe et al., 1998͒ applied a short-term autocorrelation model to account for the pitch strength of an RIS sound generated by repeating short segments of frozen noise samples. The pitch strength was a nonlinear transform of the height of AC1 as suggested by Yost ͑1996a͒ and Shofner and Selas ͑2002͒. A similar short-term autocorrelation function analysis in which pitch strength is nonlinearly related to the height of AC1 can qualitatively account for the wideband, first-order-interval click-train pitch-strength discrimination data of experiment I and, to some extent, the high-pass filtered conditions seen in experiment II. However, this model would predict the same results for the second-order-interval pitch-strength discriminations ͑experiment II͒ as it would for the first-order intervals. Since the results of experiment II show that this is not the case, this short-term autocorrelation analysis does not appear as a model that could be used to account for some of the key data described in this paper. It appears as if the type of model ͑either spectral or temporal͒ that might account for the data of these experiments is one based on a short-term statistic that is most sensitive to first-order intervals in a waveform.
These data also conflict in some ways with studies that have shown that complex pitch processing is sluggish in that it appears to take perhaps hundreds of milliseconds for the pitch strength of complex sounds to reach maximal saliency ͑Yost, 1980; Buunen, 1980; Wiegrebe, 2001͒ . The results of the current paper and that of Wiegrebe et al. ͑1998͒ indicate that pitch strength can be influenced by short-duration changes in the regularity of the sound. These results may not be contradictory in that maximal pitch strength or the best estimate of pitch may require considerable time for processing, but short-term changes can change pitch strength independent of whether or not the pitch is maximal in pitch strength or if the most accurate estimate of the pitch has been achieved.
The fact that runs of regular intervals seem to effect the perception of pitch more than runs of random intervals appears to suggest that the auditory system is more influenced by regularity than randomness. If the suggestion in this paper that a change of only two or three consecutive regular intervals influences pitch-strength judgments, this perhaps implies that the auditory system is very sensitive to the regularity in a complex sound.
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APPENDIX: DETERMINING THE PROBABILITY OF RUNS OF DIFFERENT LENGTHS
Determining the expected number of runs of regular k intervals of a given size in a shuffled ICI sequence consisting of a known number of regular k and random x intervals is a problem known in the field of probability and statistics as run or clump analysis ͑e.g., Godbole and Papastavridis, 1994͒ . This problem is identical to finding, for example, the number of runs of red cards of a certain value in a shuffled deck of playing cards with the proportion of red and black cards being variable and cards being drawn without replacement. The distributions of sampling without replacement are known as hypergeometric distributions, whereas sampling with replacement is known as binomial or Bernoulli distribution ͑see Johnson and Kotz, 1977͒. In determining the statistics of runs, care must be taken to define how runs are counted. Runs can be defined as overlapping or nonoverlapping, and contiguous or noncontiguous. For example, if overlapping runs are counted, the sequence kkkk contains one run of length 4, two runs of length 3, three runs of length 2, and four runs of length 1. If only nonoverlapping runs are counted, then the above sequence contains one run of length 4, one run of length 3, two runs of length 2, and four runs of length 1. If runs are further restricted to be nonoverlapping and noncontiguous, then the number of runs of length 2 is reduced to 1, and the number of runs of length 1 is reduced to 2. Note that the number of nonoverlapping runs of a given size is always less than the number of overlapping runs of the same size except for the endpoint conditions consisting of runs of size 1 and nk ͑nk is the total number of k's in the entire ICI sequence͒. In these cases, the number of overlapping and nonoverlapping runs is equal. The statistics of overlapping runs were used ͑except where noted͒ for relating the statistics of consecutive regular intervals in an ICI sequence to the perception of pitch strength in these click-train RIS.
A literature search turned up no analytical solution for the distribution of numbers of overlapping runs of a given size in a shuffled sequence. The closest known solution is given by Godbole ͑1990͒ for the distribution of nonoverlapping runs. As an alternative, a computer program was written that exhaustively searches all permutations of a given sequence of k's and x's ͑represented by 1's and 0's͒ and tallies the number of runs of every size. Unfortunately, this program was limited to a maximum ICI sequence length of 32 intervals. The ICI sequence lengths in the shuffled ICI sequence experiments were 60, 120, 240, and 480 intervals. A program for exhaustively searching ICI sequences longer than 32 intervals was not undertaken given the exponentially increasing calculation time for computing the distributions for these sequence lengths. However, the program was used to verify the analytical and empirical solutions given below.
Given equal numbers of regular k intervals ͑nk͒ and random x intervals ͑nx͒ in an ICI sequence, the expected number of k runs of size m in a shuffled sequence of these intervals is given ͑without proof͒ in Eq. ͑A1͒ below.
E͕m͖ϭ0; nkϽm
; nkϾm ͑A1͒ Equation ͑A1͒ is only applicable for equal numbers of regular and random ICIs (nkϭnx). An empirical approach was taken to determine the run statistics for conditions with differing numbers of regular and random intervals. This was accomplished by constructing the desired ICI sequence and repeatingly shuffling it and tallying the number of runs of different sizes. The results for the dϭ2-ms regular-interval condition ͑240 total ICIs͒ using 10 000 random permutations are given in Table IV . An examination of the empirical results in Table IV indicates that the expected number of consecutive regular intervals of a given size resembles a binomial distribution. This is expected given that the results of sampling without replacement converge to the solution with replacement ͑bino-mial distribution͒ as the total number of intervals increases. This asymptotic solution for the expected number of con-TABLE IV. The results of 10 000 random permutations of an ICI sequence containing 240 total intervals of varying proportion of regular-to-random intervals ͑columns͒. The top half of the table are the mean number of consecutive regular intervals of size 2-13 ͑rows͒ and the bottom half are the corresponding standard deviations. 
